Abstract The Mono Basin has been the site of frequent volcanic activity over the past 60,000 years, including the emplacement of the Mono domes and Mono Lake islands. The Mono Basin lavas are the youngest and most poorly understood products of the Long Valley Volcanic Field. We have undertaken a study of Mono Basin volcanism encompassing whole-rock major and trace element, Sr, Nd, Pb, and O isotopic, and electron microprobe glass, plagioclase, and amphibole analyses. Variations in major and trace elements suggest that fractional crystallization of feldspar (Sr, K 2 O), apatite (P 2 O 5 ), titanomagnetite (V), zircon (Zr), and allanite (La, Ce) has influenced the evolution of the Mono Basin lavas. Field observations, petrography, and chemistry together demonstrate that injection of more mafic magma is a common process throughout the Mono Basin. Mafic enclaves of the Mono domes are stretched and rounded, with chilled margins between enclave and host rhyolite. Thin sections reveal millimeter-scale inclusions of rhyolite in the enclaves and vice versa along the host-enclave border. Paoha Island dacite has glass with 67-72 wt% SiO 2 and contains microscopic clots of more mafic glasses, with SiO 2 contents as low as 64 wt%.
Introduction
Concern over the possibility of renewed volcanic activity in the Long Valley Volcanic Field began after seismic and magmatic unrest in the region started in 1980 (Hill et al. 1985) . The volcanic and tectonic history of the region has since been well established, particularly by Bailey (1989) , in order to better assess the potential for future eruptions within and near Long Valley caldera, and the hazards that would be posed by Editorial responsibility: M.I. Bursik
Electronic supplementary material The online version of this article (doi:10.1007/s00445-017-1123-y) contains supplementary material, which is available to authorized users. those eruptions. Long Valley caldera was formed during the catastrophic Bishop Tuff eruption of 0.77 Ma (Crowley et al. 2007) . Over the past 60,000 years, the focus of magmatic instability has shifted to the north of the caldera into the Mono Basin, where an extensive series of high-silica pyroclastic rocks and lava domes and several basalt flows have been erupted.
Among the Mono Basin volcanic units are several of abnormal composition and ambiguous origin that have important implications for the origin of the entire system. The oldest of the Mono domes, a porphyritic dacite profuse with basaltic enclaves, predates all other domes by nearly 20,000 years (Wood 1983) . Several other, younger domes contain abundant enclaves of basalt and andesite (Kelleher and Cameron 1990) . Lavas exposed on islands in Mono Lake are mostly dacitic in composition, representing the only intermediate-composition magma generated in the Long Valley region in the past 60,000 years outside of Mammoth Mountain (Hildreth et al. 2014) . The Mono Lake lavas are the youngest in the region.
Despite the enigmatic compositions and youth of many of the Mono Basin rhyolites and dacites, their petrogenesis and their relationship to neighboring igneous systems remain poorly understood. This study aims to better understand Mono volcanism through the study of mafic enclaves and silicic volcanic rocks from the Mono Lake islands, and to use the whole-rock and isotope chemistry of these rocks to examine the igneous processes currently occurring in the Mono Basin.
Magmatism in the Mono Basin
Activity in the Mono Basin has been for the most part bimodal, but is dominated by high-silica rhyolite. Sarna-Wojcicki et al. (1988) presented evidence of Mono Basin tephras aged 50 to 150 ka and Vazquez and Lidzbarski (2012) found zircon cores dated to 90 ka, although Mono Basin magmatism began in earnest some time later. Starting at ∼60 ka, a series of highsilica rhyolites, with one dacite, erupted explosively, each eruption culminating with the emplacement of a lava dome (Fig. 1b; Kelleher 1986; Kelleher and Cameron 1990; Bailey 2004; Vazquez and Lidzbarski 2012) . Collectively, this suite is referred to as the Mono domes. Mafic rocks at June Lake and Black Point are interspersed chronologically among these domes. The recent work of Peacock et al. (2015) appears to have confirmed the presence of at least two magmatic sources beneath the Mono Basin, as was proposed by Dawson et al. (1990) . Achauer et al. (1986) initially suggested that a substantial, partially molten magma chamber exists beneath the Mono Basin and is the likely source of these recent lavas as regional magma production has shifted to the north of Long Valley caldera.
Through field relationships and hydration rind ages of the Mono domes, several early studies concluded that, in general, the mineralogy and geochemistry of the Mono domes correspond chronologically with the typical progression that would be expected from a system undergoing fractional crystallization (Wood 1983; Bursik and Sieh 1989; Kelleher and Cameron 1990) . Recent work on the Wilson Creek tephra section has placed the domes into a more precise chronology (Zimmerman et al. 2011; Vazquez and Lidzbarski 2012; Marcaida et al. 2014 ). This work broadly agrees with the chronology established by Kelleher and Cameron (1990) based on dome petrology.
Using the dome numbering system of Wood (1983) and the petrological classification scheme of Kelleher and Cameron (1990) , as will be utilized throughout this study, dome 12 is the oldest dome, estimated to be >60 ka, and is of dacitic composition. Dome 12 is replete with basaltic enclaves. The next eruptions in the region involved biotite-rich, porphyritic rhyolites (domes 11, 19, and 24) , established by hydration rind dates to have been emplaced around 13 ka (Wood 1983) . Between 13 and 7 ka, a pair of andesitic enclave-and orthopyroxene-bearing, porphyritic rhyolite domes (domes 14 and 18) erupted first, followed by a more extensive series of porphyritic, fayalite-bearing rhyolite domes (domes 6, 15, 17, 20, 25, and 27-30) . Single crystal 40 Ar/ 39 Ar dating of sanidines found in domes 27-30 by Hu et al. (1994) places these domes at ∼13 ka, coincident with the older extreme of this timeline. From roughly 7 until 1.2 ka, volcanism in the Mono Basin was dominated by the eruption of sparsely porphyritic, high-silica rhyolite in the form of dome 8 (often referred to as the Northwest Coulée) and domes 10, 16, 21, 23, and 26 . South of the Mono domes are North Deadman Creek dome and Wilson Butte, which are enclave-bearing, sparsely porphyritic rhyolites estimated to have been emplaced at 5039-5297 cal BP and 1611-1710 cal BP, respectively (Fig. 1b; Wood 1983; Miller 1985; Bursik and Sieh 2013) . Although these two domes are geographically located within the Inyo dome suite, Lajoie (1968) and Bailey (1989) classified both as members of the Mono domes suite. The geochemical data presented in this study support this classification. In the past 1200 years, two voluminous pulses of aphyric, high-silica rhyolite volcanism have occurred. The first pulse was at 1366-1420 cal BP, emplacing dome 22-the South Coulée-and the second pulse occurred at 600-625 cal BP, emplacing dome 3-Panum Crater-and domes 4, 5, 7, 9, and 13-the North Coulée (Bursik and Sieh 2013; Bursik et al. 2014) . The latter event is commonly referred to as the North Mono eruption (Sieh and Bursik 1986; Hildreth 2004) . Tephra produced during the explosive phases of these eruptions blankets most of the older domes (Vazquez and Lidzbarski 2012) .
Coeval with dome emplacement are the June Lake and Black Point basalts. Between 30 and 25 ka, the June Lake basalt flowed from a cinder cone near June Lake, located in the southwestern Mono Basin (Bursik and Gillespie 1993; Bailey 2004) . While the biotite-bearing Mono domes were being emplaced, at roughly 16-17 ka, the Black Point basalt was erupted subaqueously into Pleistocene Mono Lake, taking the form of a flat-topped cinder cone (Lajoie 1968; White 2000; Bailey 2004) .
Concurrent with the eruption of aphyric rhyolite in the Mono Basin was the commencement of sparsely porphyritic dacitic volcanism in Mono Lake, a 15 km × 21 km lake located north of the Mono domes (Stine 1987; Bailey 2004) . The initial locus of Mono Lake volcanism was Negit Island, which is dominated by a dacitic cinder cone and several dacitic lava flows originating therein. Stine (1987) estimated that Negit Island was active from 1.7 to 0.4 ka based on the presence of tephra layers from three of the more recent Mono dome eruptions: two tephras established by Wood (1983) to be ∼1.6 and 1.2 ka, and a third tephra dated to 0.6 ka according to Sieh and Bursik (1986) . Further outcrops of these dacite flows are seen to the north of Negit Island on a series of small islands referred to here as the Negit islets. Following the last eruption on Negit Island, an intrusion beneath the central part of Mono Lake caused updoming of a significant volume of lake sediment and the eruption of a small volume of dacite, including cinder cones and lava flows, forming present-day Paoha Island (Stine 1987; Kelleher and Cameron 1990) . Between 500 and 150 years ago, low-silica rhyolite lava was erupted in the northwestern quadrant of Paoha Island; these appear to be the most recent eruptions in the Long Valley Volcanic Field. Stine (1987) placed these limits on Paoha Island's emplacement based on prehistoric lake levels and the presence of sedimentary features that would have been eroded easily by submergence.
Methodology Fieldwork
During two field seasons, in October 2011 and JulyAugust 2012, sampling focused on the Mono Lake islands; the Mono domes; the Mono dome enclaves; the June Lake and Black Point basalts; and South Deadman Creek Dome, the southernmost of the Inyo domes ( Fig. 1 ; Table 1 ).
Whole-rock major and trace element and isotopic geochemistry
Rock chips from 54 samples, covering the Mono Lake islands, the Mono domes, all mafic enclave populations, and local basalts, were analyzed for major and trace elements by X-ray fluorescence (XRF) at the Washington State University GeoAnalytical Lab (techniques of Johnson et al. 1999) . For major elements, reported analytical precision is within <1 wt%; trace element analyses are precise to within 2 ppm (Johnson et al. 1999) . Several powders of the UTR-2 standard were included in each batch of XRF samples to further gauge the accuracy and precision of the analyses (Online Resource 1; Stix et al. 1995) . Since some mafic enclaves show evidence of mingling with felsic magmas along their margins, only material from the cores of the enclaves was crushed for geochemical analysis. As most rocks from Mono Lake were at one point submerged, rock chips for further detail. b Map of the Mono domes, adapted from Kelleher and Cameron (1990) . Domes are numbered using the scheme of Wood (1983) . c Map of Mono Lake, adapted from Bailey (1989) from samples collected near the present, historically low lake level during the 2011 field season were cleaned using acetic acid and deionized water. Repeat analyses comparing cleaned samples to uncleaned splits of the same samples show that cleaning had a negligible effect (Online Resource 1). This implies that the waters of Mono Lake have had little, if any, effect on the trace element composition of the Mono Lake lavas, so the samples collected in the 2012 field season were rinsed only with deionized water. Rock powders of 16 representative samples were then selected for Sr, Nd, and Pb isotopic analyses at the Carleton University Isotope Geochemistry and Geochronology Research Centre (IGGRC, http://www.carleton.ca/iggrc/). Samples were chosen to ensure geographic and compositional coverage, with a particular focus on the enclaves and islands. Elemental separation techniques were those of Cousens (1996) , and samples were run on a ThermoFinnigan Triton TI thermal ionization mass spectrometer. All Pb mass spectrometer runs are corrected for fractionation using NIST SRM981. O analysis was extracted from 5 mg samples of rock powder using the BrF 5 reaction method of Clayton and Mayeda (1963) 
Results
Field observations, petrology, and mineral chemistry
Mono dome enclaves
The most salient observations from field relationships are those for the centimeter-scale mafic enclaves hosted within Mono domes 12, 14, and 18. The enclaves in domes 14 and 18 vary from black to red in color. Populations of each hue are present in each dome. They are finely vesicular, stretched, and rounded, and commonly have glassy, chilled margins coupled with melting rims in their felsic hosts (Fig. 2) . Kelleher and Cameron (1990) noted similar enclave textures. The uniformly red enclaves of dome 12 are generally much smaller, never exceeding 5 cm. Rare andesitic enclaves are also present in Wilson Butte and North Deadman Creek dome.
The dome 12 dacite contains abundant centimeter-scale plagioclase and millimeter-scale hornblende and clinopyroxene crystals. Enclaves of basalt and basaltic andesite within the dacite are vesicular, contain plagioclase, olivine, and clinopyroxene phenocrysts, and range from microscopic to upwards of 5 cm in scale. Owing to the intimate commingling of the enclaves and the host dacite in the samples collected, this study uses the wholerock analysis of Kelleher and Cameron (1990) for dome 12.
The mafic and intermediate enclaves of domes 14 and 18 are petrographically similar. Millimeter-scale olivine, plagioclase, and orthopyroxene phenocrysts are present in all enclaves. It is common to see microscopic inclusions of solidified rhyolitic magma within the enclaves, and vice versa, along the host-enclave margin (Fig. 6 ).
Mono Lake lavas
Unique to the Paoha Island lavas are microscopic clots of foreign, possibly more mafic material, in the form of round pockets of glass, plagioclase, and biotite that stand out from the groundmass of the lava (Figs. 3, 4) . Amphiboles found in the Mono Lake lavas are fairly uniform in composition, with SiO 2 varying from 41.2 to 42.5 wt%, FeO T from 12.6 to 17.4 wt%, and MgO from 10.8 to 13.9 wt% ( Fig. 13a ; Table 5 ). All Mono Lake amphiboles plot as tschermakite, reflecting their relatively low Fe contents (Fig. 13a ). In Regardless of the location, whether a sample is from the Mono domes, Mono Lake, or a mafic enclave, most plagioclase phenocrysts exhibit pronounced dissolution textures (Fig. 5 ). For example, otherwise euhedral plagioclase crystals appear to be dissolving into the host rhyolite along their rims. Phenocrysts commonly have spectacular sieve textures, with almost the entire crystal pockmarked (Fig. 5a, b) . Many of the voids have been filled subsequently with glass and microlites, although most remain vacant. The sieve texture is commonly coupled with distinct overgrowth rims, suggesting that renewed crystallization of feldspar from the felsic magmas occurred as they cooled. These textures imply that reheating of the felsic magma occurred, and that this is a common petrogenetic process occurring at depth throughout the Mono Basin.
Whole-rock major and trace element and glass geochemistry
Silica shows strong positive correlations with K 2 O and Rb ( Fig. 8 ; Table 2 ). As it is the most incompatible element analyzed, Rb is used as an index of differentiation in all other geochemical plots (Figs. 9, 10, 11) . Throughout the sample suite, pronounced fractionation trends are present in elements such as P, K, Sr, V, and Zr (Fig. 9 ). These trends underpin the important role played by the crystallization of plagioclase, as well as accessory mineral phases such as zircon, apatite, titanomagnetite, and allanite (Kelleher and Cameron 1990, Vazquez and Lidzbarski 2012) .
In major element space, the Mono domes lie within a very narrow compositional range. The variation in SiO 2 concentration is between 75 and 77 wt% on an anhydrous basis; all other major elements are similarly uniform ( Table 2 ). The minor increase in SiO 2 content in the Mono domes corresponds to the temporal evolution from biotite-bearing lavas to orthopyroxene-bearing lavas, fayalite-bearing lavas, porphyritic lavas lacking any unique ferromagnesian mineral phases, and, finally, aphyric lavas.
The Mono Lake islands, on the other hand, are quite varied in major element composition and are less evolved than the Mono domes, in spite of their comparative youth. On Paoha Island, SiO 2 varies from 63 to 72 wt%, while Negit Island and the Negit islets display a range from 64 to 70 wt% SiO 2 . In general, K 2 O increases with SiO 2 , except in the Mono domes, Data from Kelleher and Cameron (1990) which are depleted in K 2 O relative to the most evolved Paoha Island rhyolites (Fig. 8a) . All other major element concentrations decrease with increasing SiO 2 . Trace elements are more useful in differentiating among the different mineralogical types of Mono domes, as established by Kelleher and Cameron (1990) . Domes 14 and 18, the orthopyroxene-and enclave-bearing porphyritic rhyolites, are the most depleted in Rb, with 156 and 164 ppm, respectively. They are also depleted in Nb and Y compared to the rest of the Mono domes (Fig. 10) and enriched in Zr, La, and Ce (Figs. 9d, 10c, d) . At first glance, the considerable range in La (18 to 38 ppm) and Ce (42 to 69 ppm) concentrations within the remaining domes would appear to further distinguish them; careful examination, however, reveals that the variations in La and Ce do not correspond to geography, mineralogy, or major element composition.
The Mono Lake lavas display significant trace element variations and are overall less evolved than the Mono domes. The lavas of Mono Lake have higher, more variable Ba concentrations when compared to all other Mono Basin lavas, ranging from 1000 to 1600 ppm, and Sr concentrations from 95 to 530 ppm ( Fig. 11; Table 2 ). Similarly, they are conspicuously depleted in Rb relative to the Mono domes, with concentrations ranging from 100 to 130 ppm. For comparison, within the Mono domes, Sr ranges from 1 to 25 ppm, Ba from 10 to 40 ppm, and Rb from 130 to 180 ppm (Fig. 11) .
The Negit and Paoha lavas exhibit marked differences from one another. Among the high field strength elements, particularly Y and Nb, Negit and Paoha lavas define discrete fields with no overlap, suggesting that the islands are chemically distinct (Fig. 10) . The older Negit lavas have Y and Nb concentrations reflective of a less evolved magma (18 to 20 ppm and 12 to 14 ppm, respectively), while the more youthful Paoha lavas are comparatively enriched in Y and Nb (19 to 27 ppm and 15 to 19 ppm, respectively).
Examining the new geochemical data presented here combined with those of Kelleher and Cameron (1990) shows that the basaltic enclaves from dome 12 vary little from one another: SiO 2 ranges from 50 to 54 wt%, notably lower than the enclaves from domes 14 and 18, and the other elements analyzed exhibited no systematic variation ( Table 2 ). The dome 14 and 18 enclaves define two distinct populations chemically and petrologically (Figs. 8, 9 , 10, 11). In each dome, one set of enclaves has 55 to 56 wt% SiO 2 , while another set has 59 to 61 wt% SiO 2 , with correlative variations in the other major and trace elements. The two enclave populations form distinct clusters in most major and trace element diagrams. A fractionation trend between the two populations is often apparent, particularly in trace elements such as Rb and Sr (Fig. 11a) . The Inyo and North Deadman Creek dome enclaves analyzed in this study and by Varga et al. (1990) had compositions more similar to the Mono Lake dacites than to the other Mono enclaves, with SiO 2 of 60 to 62 wt% and enriched Rb and Ba concentrations compared to the enclaves of domes 12, 14, and 18 (Figs. 9, 10, 11; Table 2 ).
The enclave-bearing Mono dome lavas also have millimeter-scale inclusions of glass that are more mafic than the host rhyolite, with SiO 2 contents of 49 to 55 wt%, CaO contents in excess of 8 wt%, and K 2 O contents less than 2 wt% (Fig. 7c, d ; Table 4 ). On Paoha Island, where the host glass compositions are dominantly felsic, with SiO 2 of 67 to 72 wt%, CaO less than 2 wt%, and K 2 O greater than 4 wt%, microscopic clots of more mafic glass have SiO 2 concentrations as low as 64 wt%, CaO up to 3.3 wt%, and K 2 O as low as 3.5 wt% (Figs. 4, 7a, b ; Table 4 ). These clots contain glass, plagioclase, and biotite, and appear to be unique to Paoha Island (Fig. 4) . Fig. 12; Table 3 ).
Radiogenic isotopes

Oxygen isotopes
The range in our δ
18
O values is +6.5 to +9.5‰, with two exceptions: a peperite sample from Paoha Island with δ 18 O of +11.6‰, likely due to integration of sediment into the dacites in the locality at which this sample was taken; and a dome 18 enclave with δ 18 O of +12.7‰ (Table 3) . There is no correlation between loss on ignition from the XRF analyses and δ 18 O. The overall δ 18 O range is characteristic of crustal compositions in general, as reported by Bindeman (2008) as +5 to +18‰, and furthermore coincides with the range of Eastern Sierra Nevada basement whole-rock oxygen isotope values presented by Lackey et al. (2008) of +7.0 to +9.5‰.
That said, there are notable variations within the new oxygen isotope data presented here. The Mono domes, rather than defining a tight cluster as they do for other chemical components, range from +6.9 to +9.0‰; similarly, the Paoha Island lavas vary from +7.6 to +9.4‰, ignoring the abnormally elevated sample from the Paoha peperite.
Discussion
The data presented above offer several implications regarding the petrogenetic processes involved in the generation of the Mono Basin lavas, as well as their context within the Long Valley Volcanic Field as a whole. In addition to fractional crystallization, as detailed above, these processes include interaction with both mafic intrusions and the felsic Sierra Nevada crust. We now discuss these aspects in detail.
Basalt-rhyolite and magma-crust interactions in the Mono Basin
The Mono dome enclaves display clear evidence of having been at least partially molten upon incorporation into the Mono domes rhyolite. They are vesicular, rounded, and have chilled margins (Fig. 2) . Field and petrographic observations of the Mono domes suggest that mingling between the mafic enclaves and their felsic hosts has occurred. Examination of inclusions along the enclave-host margin reveals microscopic clots of each magma type contained within the other (Fig. 6 ). For example, while the groundmass glass of the dome 14 andesitic enclaves has 60 wt% SiO 2 , 6 wt% CaO, and less than 2 wt% K 2 O, millimeter-scale globules of rhyolite found within the enclaves have nearly 77 wt% SiO 2 , less than 1 wt% CaO, and nearly 6 wt% K 2 O (Fig. 7c, d ; Tables 4, 5). For this reason, the rock chips used for whole-rock major and trace element and isotope geochemistry of the enclaves were taken from their cores. The presence of mafic enclaves in the Mono dome rhyolites is a direct line of evidence revealing that mafic magmas have co-existed and interacted with the silicic magma. The enclaves are intermediate in composition between the host rhyolites and regional mafic material; hence, this material likely represents fractional crystallization of basalt that intruded into the felsic magma, at which point some mixing between the Mono dome rhyolites and intruding magma may have occurred, in addition to the magma mingling described above (Fig. 7c, d ). Lever rule calculations using the June Lake basalt as a mafic end member, domes 14 and 18 as felsic end members, and each dome's enclaves as intermediate compositions show the enclaves to represent a mixture of 75-80% mafic material and 20-25% felsic material; however, the textural evidence does not support magma mixing to this extent. The relationship between regional basalts, enclaves, and the Mono dome lavas is far from linear, an observation that is reflective of crystallization of both the mafic and felsic magmas over thousands of years as well as the existence of multiple magma sources beneath the Mono Basin. This latter conclusion is consistent with the conclusions of Dawson et al. (1990) and Peacock et al. (2015) , who propose that multiple magma sources exist beneath the Mono Basin, as will be discussed further below.
In contrast to the Mono domes, there is little direct petrological evidence of basaltic magma input into the Mono Lake magmas, yet the clots in the Paoha Island lavas are significant. The clots are only slightly less silicic than their host lavas, compared to the Mono dome enclaves (Fig. 7a, b) . Mono Lake magmas may be replenished by intermediate magma, or, alternatively, small volumes of intruding basalt may be mixed efficiently with larger volumes of Mono Lake dacite. The latter hypothesis seems the most likely case, as the Black Point basalt is not only adjacent to Mono Lake but also provides a fitting parental end member for the Mono Lake lavas (Figs. 8, 9, 10, 11) . The pervasive disequilibrium textures visible in plagioclase phenocrysts further demonstrate that mafic rejuvenation is a common process beneath the Mono Basin. Even in lavas with no other physical evidence of basaltic recharge, plagioclase phenocrysts have sieve textures and overgrowth rims (Fig. 5) . Although the Fig. 8 Kelleher and Cameron (1990) , and an Inyo enclave sample from Glass Creek is taken from Varga et al. (1990) formation of sieve textures and overgrowth rims in feldspars during decompression and subsequent crystallization is a well-established phenomenon, the sieve textures which we observe coincide with other observational evidence of magma mixing in the Mono Basin lavas, as discussed above (Nelson and Montana 1992 ; Fig. 10 a, Blundy et al. 2006 Sr i straddling the 0.706 line that appears to separate the Mono Basin basalts and enclaves from all other regional lavas ( Fig. 12a; Table 3 ). The mantle signatures of the mafic enclaves suggest that limited chemical exchange occurred between mafic magmas and host rocks, while the lithospheric signatures of the silicic rocks suggest that substantial crustal input has occurred throughout the system. This is reinforced by our Pb and O isotopic data, which convey strong crustal signatures throughout the sample suite ( Fig. 12 ; Lackey et al. 2008) . Notably, Pb and O isotopic values do not correlate with volatile content, indicating that they are truly reflective of crustal contamination. This is true even among the Mono Lake lavas, which have had prolonged, intimate contact with the lake's water that could have affected Pb and O isotope values.
Mafic recharge is the most likely explanation for the presence of the mafic enclaves, their textures and mineral chemistries, and the mantle-crustal mixing isotopic signatures observed throughout the Mono domes and Mono Lake island lavas. Mafic parental magmas partially melt Sierra Nevada basement rocks, which then lie dormant in shallow reservoirs, evolving until intruded by hot mafic magma. This intrusive magma mixes and mingles with the preexisting, crustal felsic Fig. 12 a, Sampson and Cameron (1987); Christensen and DePaolo (1993) ; Cousens (1996) ; Heumann and Davies (1997) ; Davies and Halliday (1998); and Bailey (2004) (Online Resource 1) magma and facilitates its eruption, a process that has been well established in large, silicic igneous systems (e.g., Sparks et al. 1977; Bailey 2004) . The influx of hot magma into the crust encourages further partial melting of basement rock, promoting the evolution of silicic magmas with crustal isotopic signatures. The remaining magmas continue crystallizing and interacting until the next intrusion of basalt, when the process repeats.
Separate sources of the Mono domes and Mono Lake magmas
While the Mono Lake lavas are generally younger than the Mono domes, they are also significantly less evolved. In addition to the obvious differences in SiO 2 content and other major elements, the lavas of Paoha and Negit are markedly enriched in trace elements such as Ba and Sr compared to the Mono domes (Figs. 10, 11 Pb than the Mono dome rhyolites ( Fig. 12 ; Table 3 ).
The eruption of dacites and low-silica rhyolites in Mono Lake is a reversal of the chemical trend that dominated the Mono Basin for the preceding 60,000 years, in which successive eruptions were generally more silicic and more evolved than preceding eruptions. The implication is that even if the mantle source of the Mono dome and Mono Lake magmas is the same, each suite represents a different batch of magma that has been variably affected by basaltic rejuvenation, fractional crystallization, and crustal contamination, and possibly storage in entirely separate magma chambers. Notably, the Mono Lake magmas appear to be derived from a hot (915-1000°C) and deep (245-325 MPa) reservoir, based on our amphibole thermobarometric data ( Fig. 13b ; Ridolfi et al. 2009) . Bailey (2004) theorized that the postcaldera dacites erupted within and proximal to Long Valley caldera, including the Mammoth Mountain dacite and the Mono dacites, have likely formed from a number of discrete magma batches in separate subsurface chambers. This is consistent with the chemical and physical diversity noted here between the Mono dome dacite (dome 12) and the Mono Lake dacites, as well as the theorized presence of a magma chamber beneath the Mono Basin that is separate from the Long Valley caldera chamber and fuels several shallow magma reservoirs (Achauer et al. 1986; Dawson et al. 1990; Peacock et al. 2015) . The older lavas of each suite (dome 12 and Negit Island) thus may reflect two separate batches of dacitic magma, likely formed by fractional crystallization of mantle-sourced basalt and partial melting of the Sierra Nevada basement (Kelleher and Cameron 1990; Hildreth 2004) .
Furthermore, Negit Island and Paoha Island are themselves potentially the products of discrete magma batches (Kelleher and Cameron 1990 Fig. 12b; Table 3 ). Negit Island also has pronouncedly lower Nb and Y concentrations ( Fig. 10a, b ; Table 2 ). The trace element and radiogenic isotope signatures together indicate that the Negit flows, arguably the older of the lavas, were produced from a different felsic magma than the Paoha flows.
The idea that several distinct magma batches were produced and erupted is not unique to Mono Lake. Indeed, it appears likely to have occurred in the Mono domes as well, as is supported by chemical evidence. For almost all elements, three individual clusters of rhyolitic domes can be seen, with notable compositional gaps between each cluster (Figs. 8, 9 , 10, 11). These dome clusters do not correspond temporally, meaning that they cannot reflect the evolution of a single batch of magma. There is no systematic relationship between the age of a dome cluster and its degree of chemical evolution. The majority of Mono dome lavas, including the biotite-and fayalite-bearing, sparsely porphyritic, and aphyric domes, define a continuous array that does not suggest temporal or spatial patterns. The orthopyroxene-and enclave-bearing domes 14 and 18 are consistently less evolved than this large array, but are intermediate in age between the biotite-bearing domes and the other high-silica rhyolites. The least evolved rhyolitic Mono dome is North Deadman Creek dome, notably the southernmost dome of the chain. Bursik and Sieh (2013) calculated the age of North Deadman Creek dome to be between 5039 and 5297 cal BP, chronologically between the two clusters of more evolved domes. Given the lack of chronological correlation present among the three Mono dome clusters, they were likely produced by several magma batches undergoing similar petrogenetic processes. Wark et al. (2007) provide compelling evidence from quartz cathodoluminescence and thermometry that the Bishop Tuff eruption was stimulated by mafic recharge of the Long Valley magma chamber. Early postcaldera silicic lavas, erupted on the floor of Long Valley caldera from ∼0.7 to 0.5 Ma, contain vesicular, rounded mafic magmatic enclaves with chilled margins, similar to those present in the Mono domes (Bailey 2004) . These common textures, along with the eruption of post-Bishop Tuff mafic to intermediate lava flows along the caldera margin, indicate that mafic rejuvenation of the Long Valley magma system has been an important process since caldera formation. Seismic activity beneath Long Valley caldera starting in 1980 has been interpreted as basaltic recharge around the Long Valley magma chamber (Hill et al. 1985; Battaglia et al. 1999; Bailey 2004; Hill and Prejean 2005) . The present study indicates that the same process occurs beneath the Mono Basin. Sr i of the mafic magma source (Fig. 12a, b) . Cousens (1996) Pb compared to the field as a whole (Fig. 12b) . By contrast, Sr and Nd isotopic signatures in both precaldera and postcaldera mafic lavas associated with the caldera resemble the Sierra Nevada crust and lithospheric mantle, with the exception of the Black Point and Red Cones lavas ( Fig. 12 ; Online Resource 1; Van Kooten 1981; Cousens 1996) . There is a striking difference in 206 Pb/ 204 Pb between precaldera and postcaldera mafic lavas, with postcaldera basalts and andesites tending toward higher values, hence more pronounced levels of crustal contamination (Fig. 12b) Nd values comparable to Glass Mountain and the Bishop Tuff ( Fig. 12a ; Table 3 ; Online Resource 1; Halliday et al. 1984; Heumann and Davies 1997; Davies and Halliday 1998) . This similarity suggests that the processes responsible for the Mono Basin dacites and rhyolites are similar to those that generated the high-silica precaldera and caldera-forming magmas.
Regional context
While it remains uncertain whether a distinct magma chamber underlies Mono Lake, as was suggested by Pakiser (1960), Achauer et al. (1986) , Peacock et al. (2015) provide convincing magnetotelluric evidence that not only does this chamber exist, but it has produced multiple shallow reservoirs beneath the Mono Basin. The propagation of magma reservoirs beneath the Mono Basin and throughout the Long Valley region in general is promoted by the complex regional tectonic regime; the intersection of the Sierra Nevada batholith and Basin and Range extension has provided an ideal environment both for mafic magma intrusion and production of silicic magmas (Bursik et al. 2003; Riley et al. 2012) . It is likely, based on our data and that of others, that the Mono domes and Mono Lake lavas are derived from disparate and discrete magma batches, as proposed by Kelleher and Cameron (1990) and Hildreth (2004) . Our amphibole thermobarometry results indicate that the Mono Lake dacites and rhyolites are derived from a magma reservoir (or reservoirs) that is fairly deep, i.e., 9-12 km ( Fig. 13b ; Ridolfi et al. 2009 ). There is little evidence of Long Valley magma having migrated north to beneath the Mono Basin. The occurrence of Mono domes as far south as Wilson Butte and North Deadman Creek dome, however, supports the theory of Sieh and Bursik (1986) and Varga et al. (1990) that Mono-type magma is one component of the most recent Inyo eruptions.
Concluding remarks
Mafic recharge is a well-established mechanism by which volcanic activity in voluminous silicic systems is initiated. More specifically, there is a well-documented body of work indicating that mafic recharge has been an important process in the petrogenesis of lavas throughout the Long Valley Volcanic Field and elsewhere in the northern Sierra Nevada. Our geochemical data indicate that variable amounts of partial melting of the Sierra Nevada crust, fractional crystallization, and magma mixing and mingling have generated the chemical variations observed for the silicic rocks of the Mono Basin. Our field and petrographic observations throughout the study area are consistent with mafic recharge playing a significant and perhaps dominant role in the genesis and evolution of silicic magmas in the Mono Basin. In the case of the Mono domes, the felsic reservoir may be the Mono Basin magma Fig. 13 Two distinct populations of amphiboles characterize the Mono Lake lavas versus the Inyo domes. a The Mono Lake population has noticeably lower Si and Fe compared to the Inyo population, and formed at b generally higher temperatures and pressures than the Inyo population chamber proposed by Pakiser (1960) and Achauer et al. (1986) and supported by Peacock et al. (2015) , or a series of distinct reservoirs based on the three groups of Mono dome lavas. In the case of the Mono Lake lavas, the felsic reservoir must have contained either a separate batch of less evolved magma within the Mono Basin chamber or, more likely, dacite stored at mid-crustal levels in a chamber (or chambers) beneath Mono Lake.
